2 1 PREMISE OF THE STUDY: Herbarium specimens are increasingly used as records of 2 2 plant flowering phenology, which has advanced for many species in response to climate 2 3 change. However, most herbarium-based studies on plant phenology focus on taxa from 2 4 temperate parts of the northern hemisphere. Here, we explore flowering phenologic 2 5 responses to climate in a temperate/subtropical plant genus Protea (Proteaceae), an iconic 2 6 group of woody plants with year-round flowering phenology and endemic to sub-Saharan 2 7
INTRODUCTION 5 0
Phenology is the study of periodic life cycle stages, especially how these are influenced 5 1 by weather and climate (Schwartz, 2013) . Phenological change in response to climate 1 3 0
Even in the case of commercially grown plants, the factors that trigger flowering onset 1 3 1 are poorly understood. The great variation that exists in Protea flowering times and 1 3 2 apparent flowering prerequisites, suggests multi-factorial control of the Protea flowering 1 3 3 cycle (Hoffman, 2006) . In particular, for some cultivated members of Protea, e.g. Protea 1 3 4 cynaroides (Figure 1 ), flowering may not depend strictly on photoperiod, and a cold 1 3 5 treatment during winter is apparently required by some species to trigger flowering 1 3 6 (Hoffman, 2006, and references therein), whereas in the case of resprouters, the age of 1 3 7 vegetative growth since the last fire may also play a role (Rebelo, 2008) . In this study, we use a database of 7770 herbarium specimens collected between year variation in temperature and precipitation influence Protea flowering phenology, 1 4 3 and (iii) test for phylogenetic conservatism in these climatic effects on phenology. Our 1 4 4 study reveals how an iconic plant genus in an understudied part of the world responds to 1 4 5 climate variation across space and time, and we discuss how this might cascade to affect 1 4 6 its native ecosystem. Herbarium data 1 5 0
We compiled information from 7770 herbarium specimens for 87 species of Protea 1 5 1 (Proteaceae). The data were collected from herbaria across South Africa as archived at these specimens we extracted four types of data: species identity, collection date (year, 1 5 5 month, day), geographic coordinates (often represented as quarter degree grid cells, 1 5 6 QDGC system) and flowering status (whether or not the specimen was in peak flower). was assessed by examining each specimen and determining whether more than 50% of 2014). Specimens not in peak flower were removed from the analysis. We also removed 1 6 4 records falling farther north than the northernmost point in South Africa, records from 1 6 5 before 1900, and records listed as collected on the last day of any month (these dates 1 6 6 were dramatically overrepresented in the data, suggesting that they were often used as a 1 6 7 default when the true collection day was unknown). Lastly, species with fewer than 50 1 6 8 remaining records were removed. After data cleaning, the final dataset included 2154 For each species, we used the frequency distribution of specimen collection dates as a 1 7 5 proxy for flowering phenology (Panchen et al., 2012) . We converted dates on specimens 1 7 6
to Julian Day of Year (DOY; where January 1 = 1 DOY and February 1 = 32 DOY, and 1 7 7 so on). To characterize the flowering phenology for each species, we defined the "peak To test the assumption that the seasonal distribution of herbarium specimens with 50% open flowers is a good representation of actual peak flowering in the field, we 1 9 0 compared the center of each species' peak flowering season derived from our dataset to 1 9 1 phenograms provided in the "Protea Atlas" of Rebelo (2001), which represents the most 1 9 2 comprehensive treatment of all described Protea species, including relevant information 1 9 3 on the ecology, spatial distributions, and species abundance. Studies have shown that the distribution of plant species richness in southern Africa is 1 9 7 driven largely by shifts in rainfall and temperature regimes (O'Brien, 1993; O'Brien et al., 1 9 8 1998 O'Brien et al., 1 9 8 , 2000 . We used temperature and precipitation data from the University of We used these data to explore the roles of spatial and temporal climate variation 2 0 6 in driving Protea flowering dates. For each specimen record, a spatial and a temporal 2 0 7 climate anomaly were calculated for temperature and precipitation, for a total of four 2 0 8 predictor variables. Spatial anomalies were calculated as the difference between a and negative values representing specimens from cooler or drier parts of the range. Temporal anomalies were calculated as the difference between annual temperature or 2 1 4 precipitation at the collection location in the year the specimen was collected and the 2 1 5 long-term mean climate at that location, with positive values representing collections in 2 1 6 years that were locally warmer or wetter than average and negative values in years that 2 1 7 were locally colder or drier than average. Since species flower at different times of year, 2 1 8 these annual temperature anomalies were defined differently for each species, calculated 2 1 9 as the average across the 12 month period from 8 months before through 3 months after a 2 2 0 species' peak flowering month; this asymmetrical window was chosen in order to 2 2 1 encompass climate during a given peak flowering season and the preceding dormant 2 2 2 season, which together are likely to influence flowering phenology. Normalized specimen 2 2 3 collection date, the dependent variable, was calculated as the difference between each 2 2 4 specimen's DOFY as described above and the average DOFY for that species. predicting normalized specimen collection date as a function of these four climate 2 2 7 variables (spatial temperature anomaly, spatial precipitation anomaly, temporal 2 2 8 temperature anomaly, and temporal precipitation anomaly), with random effects of 2 2 9 species on slopes but not intercepts (since intercepts are by definition zero as a result of 2 3 0 the de-meaning described above). This hierarchical modeling approach allows the The maximum likelihood optimization criterion was used over restricted maximum predictors, the full model was compared to four reduced models, each with one of the 2 3 6 predictors removed. In a second step, we reconstructed phylogenetic relationships on the combined advancements of -9 days/°C each ( Figure S4 ).
9 8
A comparison between a model with only spatial and temporal temperature 2 9 9
predictors versus another similar model with an interaction term, showed no significant 3 0 0 difference (p = 0.21). Nonetheless, we found a trend toward negative effects of this We tested the hypothesis that closely related species shift flowering time more similarly 3 0 7 (either toward early or late flowering) than expected by chance. We found a significant, In this study, we explored shifts in flowering phenology using herbarium specimens of 3 1 4
Protea species in southern Africa, providing the first assessment of phenological 3 1 5 responses to climate in the southern hemisphere, within an area unrepresented by historic 3 1 6 observational data. We show that across temporal and spatial gradients in climate, Protea 3 1 7 species display advanced flowering phenologies in response to warmer temperature. Although species vary in their phenological responses to climate, these responses are 3 1 9
phylogenetically conserved, such that closely related species tended to shift flowering 3 2 0 time similarly with temperature. We found that flowering phenology in Protea species advanced by an average of dimensions. This strengthens our faith in the results, since simple first principles would 3 2 6 1 2 indeed predict that these two uncorrelated axes of temperature variation would generate 3 2 7 similar flowering phenology responses. It also implies that space-for-time substitution, a 3 2 8
widely practiced but less widely validated approach for predicting ecological impacts of 3 2 9
future climate change such as species geographic range shifts, may have viability in plant 3 3 0 phenology research (Pickett, 1989) . Future phenology studies should continue to develop Our results are also in agreement with previous studies from the northern 3 3 6
hemisphere showing that plants accelerate their reproductive phenologies with warmer 3 3 7 spring temperatures (e.g., Primack et al., 2004; Roberts et al., 2015) . These results agree 3 3 8 not just qualitatively but are also remarkably similar in effect size, e.g. Primack et al. The data preprocessing methods employed here allow for linear regression a sliding window approach can indeed capture key phenological patterns. These in plant phenology, those that have generally find that phenological responsiveness is such that species within less responsive lineages correspond to those in severe decline. Our results can provide important baselines for more focused investigations of, for reproductive barriers that lead to reproductive isolation and sympatric speciation. In this study, we show that warming cues early flowering in Protea, but how this including that of pollinators may be modified, potentially leading to phenological mismatch (Kudo and Ida, 2013) . We found weak but significant phylogenetic signal in influence co-evolved mutualists including principal pollinators. Although we did not explicitly test for phenological responsiveness to warming and pollinator abundance, we 3 8 7
believe that herbarium specimens can serve as a critical first step in monitoring species' (Feeley, 2012), but also as a roadmap to explore pollinator phenological responsiveness 3 9 0 to climate change.
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